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IMPROVEMENTS IN AND RELATING TO ORGANIC SEMICONDUCTING LAYERS 

the present Invention relates to an organic semiconducting layer formulation, a 
layer comprising the same, a process for preparing the formulation and layer and 
5 electronic devices comprising the same. 

.Ih recent years, there has been development of organic semiconducting materials 
in order to produce more versatile, lower cost electronic devices. Such materials find 
application in a wide range of devices or apparatus, including in organic field effect 
transistors (OFETs), organic light emitting diodes (OLEDs), photodetectons, photovoltaic 
10 (PV) calls, and as organic photoconduetors (OPCs) in electrophotographic devices, to 
name Just a few. The organic semiconducting materials are typically present in the 
electronic device In the form of a thin layer. e.g. less than 1 micron thick. 

lit IS desirable to improve both the charge mobility, p, of organic semiconducting 
layers and to Improve the layer integrity, it Is also desirable to be able to deposit the 
15 layers by solution coating rather than by vapour deposition. One way to improve layer 
Integrity has been to include the organic semiconducting component in an organic binder 
resin. However, whenever an organic semiconducting component is effectively "diluted' 
by a binder, a reduction of mobility is to be expected. Among other things, diluting an 
organic, semiconductor by mixing with binders disrupts the molecular order ih the 
20 semtcdnducting layer. Diluting an organic semiconducting component in the channel of 
an OFET for example Is particularly problematic as any disruption of the orbital overlap 
between molecules in the Immediate vicinity of the gate insulator (the first few molecular 
layers) 1$ expected to reduce mobility. Electrons or holes then are forced to extend their 
path into the bulk of the organic semiconductor, which is undesirable, 
25 Polyacene compounds are known in the prior art as organic semiconducting 

compounds and their use in FETs has been suggested (WO 03/016599. US 
2003/0116755). It has also been suggested that a soluble polyacene may be mixed with a 
bidder polymer. 

Certain low polarity binder resins are described in WO 02/45164 (Aveda) for use 
30 with organic semiconductors in FETs. However, a reduction in charge mobility is still 

expected when the semiconductor is diluted in the binder. 

jn WO 03/030278 (Philips) there is shown a gradual reduction of FET mobility 

when a precursor polyacene (pentacene) is mixed with increasing amounts of binder. 

Furthermore, precursor polyacene requires chemical conversion following coating. This 
35 makes it possible for residual leaving groups to remain in the layer and complete 

conversion is difficult to achieve to the standards required for semiconductor purity. 

Control, of the morphology is also difficult due to the conversion process. Accordingly, the 

prior art was unable to demonstrate high mobilities with a binder ©omposftion. 
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Among tha objects of the present Invention Is to reduce or overcome the 
disadvantages in organic semiconducting layers described above. 

According to the present Invention there is provided an organic semiconducting 
layer formulation, which layer formulation comprises: 

a) a polyacene compound of formula 1 




Rj R4 R» 

Formula 1 



wherein each of ft,, R 2 , Rj, R,, Ffe, Pfe. R7. Re. R» and R TO , which may bs the same 

.0 .or different, independently represents a hydrogen atom; an optionally substituted 

Ct-C« hydrocarbon group; an optionally substituted d-G«, alkoxy group; an 
.Optionally substituted Ce*C 40 arytoxy group; an optionally substituted amino group; 
a hydroxy group; a halo group; or an optionally substituted silyl group; wherein Ra 
and R? may be cross-bridged with each other to form & C 4 -ti<«, saturated or 

5 unsaturated ring, which saturated or unsaturated ring may be Intervened by an 

oxygen atom, a sulphur atom or a group shown by formula: -NCR,,)- (wherein R« 
Is a hydrogen atom or a hydrocarbon group), or may optionally be substituted;, 
each of At and A» which may be the same or different. Independently represents a 
hydrogen atom; a hajogen atom; an optionally substituted C,-C 40 hydrocarbon 

!0 group; an optionally substituted C^C^ alkoxy group; an optionally substituted C*- 

C„ aryloxy group; ah optionally substituted C r C w alkylaryloxy group; an optionally 
substituted CrC*, atkoxycarbonyl group; an optionally substituted (VC 40 
aryloxycarbonyl group; a cyano group (-CN); a carbamoyl group (-C(=0)NHa): a 
haloformyl group (-C(=0)-X, wherein X represents a halogen atom); a formyl 

25 group (-C(«C>H); an Isocyano group; an Isocyanate group: a thlocyanate group or 

a thloisocyanate group: wherein A, and Aa may be cross-bridged with each other 
to forni a ring shown by formula: -C(=0)-B-C(=Oh- (wherein B is an oxygen atom 
or a group shown by formula -N(6 t )- (wherein B, is a hydrogen atom, a C,-C„ 
hydrocaibon group or a halogen atom)); and n Is an Integer not less than 1 ; 

30 and 

b) an organic binder resin which has a permittivity, e. at 1 ,000 Hz of 3.3 or less. 

Surprisingly and beneficially, the Inventors of the present Invention have fouhd that 
combining the specified soluble potyacene compound with the specified low permittivity 
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organic birider resin results In little or no reduction in charge mobility of thd polyacene. At 
the same time, the semiconducting layer exhibits excellent film forming characteristics. 
Since the polyacenes of formula 1 are soluble they may also be deposited in a liquid form, 
e.g. frarh solution. For instance, a soluble polyacene may be dissolved, for example in 
s polystyrene, and spin coated to form an OSC layer yielding a charge mobility as high as 
0.3 cmWs, this result is particularly unexpected given that for such high mobilities the 
organic semiconducting layer is expected to require strong molecular ordering. We have 
found that even at 1:1 ratio of tow permittivity Mnder/polyacene the mobility is about the 
same that of the pure polyacene compound. The result produced by the present 

10 Invention is therefore surprising for both a) maintaining the mobility despite potential 
disruption of molecular order, and b) maintaining mobiltty despite the expected Increase of 
intermodular distance. 11 is particularly surprising that the size of crystalline grains is 
reducetf upon using a binder yet the mobility is high. 

Once a formulation of high mobility is obtained by combining the polyacene with 

is the specified binder, the resulting formulation leads to several advantages. Firstly, the 
formulation may be coated on a large area in a highly uniform manner. Without the use of 
btndfere the polyacenes cannot be spin coated on large areas as they do not result in 
uniform jfilms. Spin and drop-casting may m some cases result in relatively high mobility 
but ft is difficult to provide a film with a constant mobffity over the entire substrate. 

20 Second j ft is possible to control the properties of the formulation to adjust to printing 
processes* e*g, viscosity, solid content, surface tension. It is also anticipated that the 
. binder fills to volume between crystalline grains otherwise being void, making the organic 
semiconducting layer less sensitive to air and moisture. For example, layers formed 
according to foe present Invention show veiy good stability in OFET devices In air. 

26 the invention also provides an organic semiconducting layer which comprises thg 

organic semiconducting layer formulation, 

.the invention further provides a process for preparing the onganie semiconducting 
layer which comprises (1) depositing on a substrate a liquid layer of a mixture which 
comprises the polyacene compound, the organic binder resin or precursor thereof and 

30 optbn&tly a solvent; and (il) forming from the liquid layer a solid layer whfch Is the organic 
semlcoriductihg layer. 

the invention additionally provides an electronic device composing the said 
organic: semiconducting layer. The electronic device mey Include, wfthout limitation, an 
organfe' field effect transistor (OFET). organic light emitting diode (OLED). photodetector, 

35 or phdtbvoltate (PV) cell. For example, the active semiconductor chanttel between the 
drain aind source tn an OFET may comprise the layer of the invention. As another 
example* a charge {hole or electron} Injection or transport layer In an Ql&D device may 
comprise the &yer of the Invention. The organic semiconducting layer miay also find use 



forming .at least part of an organic photoconductor (OPC) in an electrophotographic 
device.' 

Certain polyacene compounds have been described In US 2003/01 16755 and the 
methods disclosed (herein for syntheeising the polyacenea may be employed In the 
present invention in order to syntheslse compounds of formula 1 above. Alternatively 
other methods within the skill and knowledge of persons skilled In the art may be used to 
synthesis© the compounds. 

in one particular preferred embodiment, any one of the combinations of R, and R, 
R, and Rio» R, and R* R 8 and Rg, R, and R„ and A, and a* are preferably the same 
substttwrrts other than hydrogen, e.g. R, and R, may be the same subsfituent as each 
other* 

typically n is an integer from 1 to 3. preferably n is 2 (i.e. a pentacene derivative) 
The preferred pentacene derivative Is represented generally by formula 1 A below: 



ft" W 




Several preferred groups of pentacene derivatives according to formula 1A are 
represented below by groups 1-6. 



General' formula.- 




wherein R» and R* are other than hydrogen. In pentacene derivatives of group 1. R, and 
R B are preferably the same substitoent as each other. Preferably, the groups R, and R, 
comprise optionally substituted C«-C„ hydrocarbon groups. More preferably, the groups 
R* and.'R, comprise optionally substituted unsaturated C-C hydrocarbon groups, e.g. 
opfionaJly substituted alkenyl, alkynyl. aryl etc. groups (alkynyl la a preferred group). 
Preferably, the R* andR* eubstttuents are ji-conjugated with the pentacene ring structure. 
In penfecene derivatives of group 1 the substituents other than R, and R* (he. R^ R a eto.) 
may bd hydrogen or other substituents but typically may be hydrogen. 
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Examples of group 1 compounds are given below. 




Group 1, example i 




Group 1, example 2 



Grow 2 

General formula; 




wherein Ra, R r . At and Az are other then hydrogen. In pentacene derivatives of 
grbup £, R« arid R T are preferably the same substJtuent as each other, and A, and A2 are 
preferably the same substltuent as each other. Preferably, Ra, R r , A, and Az are the same 
substfitient els each other, Preferably, the groups Ra, R» A, and Aj comprise optionally 
substituted idt-C*, hydrocarbon groups. Further preferably, the groups Re. R* A, and A 2 
cdmprlse optionally substituted d-C w hydrocarbon groups, e.g. methyli ethyl, propyl, 
butyt, pientyl, etc. In pentacene derivatives of group 2 the substituents other than R©, R r , 
At and A* (Le. R,, Rj etc.) may be hydrogen or other substituents but typically may be 
hydrogen- 
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An example of a group 2 compound is given below 

Group 2, example 

s group 3 

QenemljlinnT.nir 



10 



15 




, A, , and t *» Mroflan. In pantacm. derivatives of group 3 

A, -J A, ore preferably Ite «„»,,,,»„, „ eaoh olhar . Prefarab ^ „„ * 

optt^v tubsWutM ^ hydmcarfadn groups orhato. ,„ 
aertvattva. of group 3 the sutetituenta other than A, and A. «» b a _J, ~ 
hyfln^w OT <^ rwM ^ Mw ^^™ n h A ;^ «* * * *i «■» b. 

;4n example of a group 3 compound is given below: 




GttupSfixampe 

Ground 

Generaifafmuia; 




20 ! 

wherein Ry, R,", a, and A* are other than hydrogen. In pentacene derivatives of 
group 4, R,' and Ra" are preferably the same aubstituent as each other, and A, and are 
preferably the same substituent as each other. Preferably, R,\ R.". A, and A* are the 
same, substituent as each other. Preferably, (he groups IV, r,'\ A, and A. comprise 
25 optionally substituted C,^ hydiocarbon groups. Further preferably, the groups R»\ R„ rt , 

A, and -A a comprise optlanally substituted C,-C TO hydrocarbon groups, e.g. methyl, ethyl,' ' 
propyl, butyl, pentyl, etc In pentacene derivatives of group 4 the substituents other than 
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FVi R»\ A, and Ai (La R u Ra eto.) may be hydrogen or other subsUtuefits but typically 
may fid hydrogen. 

An example of a group 4 compound is given below: 

» 

f-ButyifBulyl 



Group 4. exainplfe 



formula ; 



General! formula ; 




Wherein Re and At are other than hydrogen. In pentacene derivatives of group 5, 
Rb and Aj are preferably the same substituent as each cither. Preferably, the groups Re 
and Aj' comprise optionally substituted C,-C 4D hydrocarbon groups. In pentacene 
derivatives of group 5 the substltuents other than Re, ft?. A, and At 0>®' Ri« R a mav 
be hydrogen or other substltuents but typically may be hydrogen. 

Ggn^ij formula: 




: therein R* Rio, Re' and Ra 1 are other than hydrogen. In pentacene derivatives of 
group 6, Rs and R„ are preferably the same substituent as each other.; R s ' and Re' are 
preferably the same substituent as each other. Preferably, R* R,g, Rs' and R B ' are all the 
same Substituent as each other. Preferably, the groups R„ Rio, Ra' and R* comprise 
optionally substituted CrC<o hydrocarbon groups. In pentacene derivatives of group 6 the 
substltuents other than R* R„ A, and A, <Le. R,. R a eto.) may be hydrogen or other 
substltuents but typically may" be hydrogen. 

; In groups 1-6 above, the bptional substltuents on the said C-Cn hydrocarbon 
groups; preferably ere selected from: sllyl, sulpho. sulphonyl, formyl, amino, imino. nitrilo. 
mercapto. <**™. «** C****. ** C^lkbxy. hydroxy and/or all chemically 
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possible; combinations thereof. More preferable among these optional siubstituents are 
silyl and ; G(Ma 

In this specification, the C<.C« hydrocarbon group may be a saturated or 
unsaturated acyclic group, or a saturated or unsaturated cyclic group. Unsaturated 
acyclic. 6r cyclic groups are preferred, especially alkenyl and alkynyl groups. Where the 
C1-C40 hydrocarbon group is acyclic, the group may be linear or branched. The C,-C« 
hydrocarbon group includes a Ci-C*, alkyl group, a Ca-C« alkenyl group, a Cj-C^ alkynyl 
group. ;4 C9-C40 allyi group, a C 4 -C«, alkyldienyl group, a C-Cw poiyenyl group, a Ce-C« 
aryi group, a C*-C m alkylaryl group, a C 0 -C» arylalkyl group, a C 4 -C 4g cydoalkyl group, a 
C 4 -C« cycloalkenyl group, and the like. 

The - CrC^ alkyl group, a Ca-C^a alkenyl group, a C^C* alkynyl group, a Cg'G» 
allyl group, a Cu-C« alkyldienyl group, a CrC M poiyenyl group are preferably a Q-C20 alkyl 
group. :i Cj-Cat) alkenyl group, a C* -C» alkynyl group, a Gs-Cso allyl group, a CVCg, 
alkyldleijyt group and a C^-C^ poiyenyl group, respectively; and more preferably a C,-C. w 
alkyl group, a Crdo alkenyl group, a Ca-C, 0 alkynyl group, a QrC,,, allyl group, a d-C* 
alkyldlepyl group and a C 4 -C in poiyenyl group, respectively. 

Examples of the alkyl group are, without llmitadon, methyl, ethyP, propyl, n-butyl. t- 
butyl, dodecanyl, trifluoromettiyl, pertuoro-n-butyl, 2,2,2-trifluoroethyl. benzyl, 2- 
phenoxyethylj etc. Examples of the aryi group are. without limitation, phenyl, 2-tolyl. 3- 
tolyj, 4-tbly», naphthyl, blphenyl. 4-phenoxyphenyP. 4-fluorophenyl, a-cai'borriethoxyphenyl, 
4-oarbdmethdxyphenyl, etc. Examples of the alkoxy group are, without limitation,, 
methoxy. ethpxyi 2-rnethoxyethoxy, t-butoxy, etc. Examples of the aryloxy group are, 
without limitation, phenoxy, naphthoxy, phenylphenoxy. 4-methylphenoxy, etc. Examples 
of thp amino group are, without limitation, dlmethylsmino, melhylamino, 
methylphenylamino, phenylamlno, etc. 

the silyl group, which may be optionally substituted, may be shown by formula: - 
SKR«)(^ia)(Ri*) (wherein each of R, & R, 3 and R«. which may be the same or different, 
independently represents a C t -C« alkyl grodp which may optionally be substituted with a 
haiogeri atom; a <VC 4£p arylalkyl group which may optionally be substituted with a halogen 
atom; a! C,-Cj» aikoxy group which may optionally be substituted with a halogen atom; or 
a 6a -6» arylalkytoxy S^up which may optionally be substituted with a halogen atom). 

A silyl group of formula -Sl(R,i)(Ri?KR«) a s described above may also be a 
preferred optional substltuent for the C,-C 40 hydrocarbon group. 

Examples of the silyl group -S1(R 12 )(R«){R M > are. without limitation, trimethylsllyl, 
trtethytellyl. tiiimethoxysilyl. triethoxysilyl, dlphenylmethylsilyl, triphenylsilyl, tnphenoxysilyl. 
dimetHylmethoxysllyl, dlmethylphenoxysilyl. methylmethoxyphenyl, etc. 

Rs and Rr may be cross-bridged with each other to form a OrGu saturated or 
unsaturated ring. The unsaturated ring may be an aromatic ring such as a benzene ring, 
ate The ring formed by linking Ra and R, together is preferably a 4-membered ring to a 




16-merirobered ring, more preferably a 4-membered ring to a 12-membered ring. The ring 

may be ;an ariomatic ring or an aliphatic ring. The ring may optionally be substituted with 

sub&ttyents such as a C^C* hydrocarbon group, a CVQw aJkoxy group. a C^-C^ apyloxy 

group, '4n amino group, hydroxy group, a sllyl group, eta The saturated 6r unsaturated 
5 ring .described above may be intervened by oxygen atom, sulphur atom or the group 

shown : tj>y formula -N(R t1 )«- (wherein R 15 is a hydrogen atom or a hydrocarbon group). 

Preferably Rn is a hydrogen atom or a C r Ce alky! group, more preferably a hydrogen 

atom or a d-Cuaiky) group. 

lb a preferred embodiment the semiconducting poiyacene had a field effefct 
10 mobility^ jt, of more than 10* crnW 1 , preferably of more than 10"* cmW, more 

preSfeKsitjly of more than 10* cmVV\ still more preferably of more than 10* ctnW and 

mb£t ptefenably of more than 1 0* cmPV" 1 * 4 . 

'the organic binder resin, which is a polymer, may be referred to herein as the 

organic binder or simply the binder. 
15 Preferred binders are materials of tow permittivity, The organic binder preferably 

has a j^miittiv% at -1,000 Hz of less than 3.0. more preferably 2,6 or leas. Preferably the 

organic binder has a permittivity at 1,000 Hz greater than 1.7, especially a permittivity 

from 2.0 to 2.8. 

An example of a suitable organic binder le polystyrene, 
20 jlp one preferred embodiment, the organic binder is one in which at least 95%, 

more preferably at least 98% arid especially all of the atoms are hydrogen, fluorine and 

carbon ^toms, 

it Is preferred that the binder normally contains conjugated bonds especially 
conjugated double bonds and/or aromatic rings. The binder should preferably be capable 
25 of forniJhg a film, more preferably a flexible film. Copolymers of styrene and alpha methyl 
styrenej for Example copolymers of styrene, alpha methyl styrene and butadiene may 
suitably be used. 

; Binders of low permittivity of use in the present invention have few permanent 
dl$0le$ which could otherwise lead to random fluctuations in molecular site energies. The 
3 o permitliUty {dielectric constant) can be determined by the ASTM D150 test method. 

. it is desirable that the permittivity of the binder ha$ little dependence on frequency. 
This ft fypicajl of nort-polar materials. Polymers and/or copolymers can be chosen as the 
binder by the; permittivity of their eubstituent groups. A list of low polarity binders suitable 
for use jin the present Invention is given (without limiting to these examples) in Table 1 : 

35 
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Table 1 




butedfene) or pofypheny«ene. Copolymers containing the repeat unite of the above 
polymers are also sulteble as binders. Copolymers offer the possibility of imp^I 
com^IbiiHy : w«h the polyacene, modifying the morphology an^^ass ZS2 

S^T 6 ^ '?? ? mP0S, ° 6n - » be that i„ 1 2* 

certain materials are soluble In commonly used solvents for preparing the layer in 
these cases analogues can be used as copotymers. Some examples of copolymers are 

TJtZ ^-domorbJcoZy"" 
can be : tised ; It is also poss.We to add some more polar monomer components as iong 
a* the' overall composition remains low in polarity. 



80£ZBOO| 
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Table 2 



Blnd'e'r 


typical low frequency 
permittivity ft) 


poly(ethylepe/tetrafluonoethytene) 




poly{^thylehe/chlorotarlfluowthylene) . 




flyorinated ethylene/propylene copolymer J 


I 2-&5 


toly&iyrene-co-a-methylstyrene 


2.5r2.6 


^thvien^/ethyi aery late copolymer 


2.6 


boly(§t/r«niBno%butacfiene) 


2.6 


polyfetyrenaf15%butadiene) 


2L6 


polyfetyrene/2,4 dirnethylstyrene) 


2,5 



; Other , copolymers may include branched or non-branched polystyrene-block- 
polybutediene, polysVrene^lock(polyeltiyteneHran-butylehe)-tolock-porystyrene, 
poiysttfene-biock-potybuta^^ polystyrene-{etiiylehe-propylehe)* 
dibldckifopolymers (e.9. KRATON®-<51701E, Shell). P dy(propylens<Xh*thylene) and 
pofy(s^rene-c^methylniathacrylate). 

ifhe organic binder Itself may be a semiconductor; where It will be referred to 
herein las a semiconducting binder. The semiconducting binder Is still a binder of low 
polarity ss herein defined. The semiconducting binder preferably has a number average 
molecular weight (M„) of at least 2000, preferably at least 3000, even more preferably at 
least 4000 and most preferably at least €000. The semiconducting binder preferably has a 
charge! carrief mobility, \i, of at least 1 Q B cmW.s. more preferably at (east 1 

1 A preferred class of semiconducting binder has a formula 2 



-f^r-N-Ar^ 
Formula 2 

wherein Ar 1 , Ar 2 and Ar 8 . which may be the same or different, each represent, 
independently if in different repeat units, an optionally substituted aromatic group 
(mononuclear or polynuclear) and n Is an Integer of at least 5, preferably af least 10. more 
preferably at least 15 and most preferably at least 20. In the context of Ar\ Ar 2 and Ar 3 , a 
mononuclear aromatic group has only one aromatic ring, for example phenyl or 
phenyiene. A polynuclear aromatic group has two or more aromatic ring* which may be 
fused !(jfbr example napthyl or naphthylene), individually covalently linked (for example 
biphenyl) and/or a combination of both fused and individually linked aromatic rings. 
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Preferably each Ar\ Ar 4 and Ar 9 Is an aromatic group which is substantially conjugated 
over substantially the whole group. 

! Preferred classes of semiconducting binders are those containing substantially 
conjugated repeat unite. The semiconducting polymer may be a homopofymer or 
copolymer (including a blcck-copolymer) of the general formula 3: 

A^Bw— X w Formula 3 

where A, B.....Z each represent a monomer unit and <c), (d),...<z) each represent 
the fracticn of the respective monomer unit In the polymer, i.e. each (c), (d)....(z) Is a 
value from 0 to 1 and the total of (e) + (d) +..,+ (z) = 1. Examples of rndnorner units A, 
B Jv .Z mciUde Unite of formula 2 and formulae 4-9 given below. 




Formula 4 

where R1 and R2 may be independently H; optionally substituted alkyl; alkoxy; 
thioaltyj: acyh optionally substituted aryl: a fluorine atom; a cyano group; a nltro group: an 
optionally substituted secondary or tertiary alkylamlne or arylamine -NCR^CRo). where Ra 
and flojmay each be Independently represented by H, alkyl, substituted alkyt, aryl, 
substituted aryl, alkoxy or polyalkoxy groups; or other substituent and - is any terminal or 
end capping, group including hydrogen. The alkyl and aryl groups may be optionally 
fluorin^ed; 




Formula 5 



In whfch X may be Se, Te or preferably O. S or -N(R)-. where R represents H, alkyl. 
substituted alkyl. aryl, dr substituted aryl; R1 and R2 are as tor formula 4. The alkyl and 
aryl gitiups may be optionally fluorinated; 
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R1 R2 




Formula 6 

In whicftX, Ri and R2 are as for formula 4; 

R1 R2 RI 



R 2 Ri R2 



Formula 7 

in WW#i X Is as for formula 4; R1, R2 are as for formula 4,; and Z represents - 
C^fiH^na)-. -CeO. -N(R')-, -N^N-, (R'^N-, -*i=C(R>, T, and independently 
represent -H, CI, F, -CsN or a lower alkyt. R* represents -H, alkyl, substituted alkyl, aryl, 
or substituted aryl. The alkyl and aryl groups may also be optionally fluoridated ; 




where- .R1 and R2 are 
tluonn^ted 



for formula 4. The alkyl arid aryl groups may be optionally 
R1, 
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ZVr^X™ V bB ,ndePendent,y 8e,eCted from as for R1 and 

In the .case of a bloek-copolymer, each monomer A, B....Z may be a conjugated 
ollgorne* or polymer comprising a number, for example 2 to SO. of the units of tomilae 4- 
9. Tlie.semtoncfucflnfl binder preferably includes arylamine. fluorene, thiophene. spiro 
blttoorarje ami/or optionally substituted aryl (e.g. phenylene) groups, more preferab£ 
a^a. still more preferably trterylamine. The aforementioned groups niay be Bnked by 

^ "'•£*? ^ 0roUPS **' Mdmma]ly Preferab * *• —--during 

SSlSrS; , a P °* mer ^ * homo -P^ " copolymer. Including block 
copo^me ) oonteinlng one or more of the aforementioned arylamine. fluorene. thtophene 
and/or opaonally substituted aryl groups, A preferred semiconducting binder oompLs a 
homo-polymercr copolymer (including block-copo(ymer) containing arylamine (preferably 
^ e)*^ unite. Anotherpreferred semlconduct^ binder cimpn'es a 
SSI 0 ' O0 ™™ r (,ndUdinS b,OCk -^'^ fluoren. and/or 

• The semiconducting binder may also contain carbazole, etilbene repeat unite For 
e^p e polyuln^carbazold or peruana polymers, copolymers may be used. The 
S efe,«nductln S binder may opttonaHy contain polyacene segments (e.g repeat unWi 
formulaji above) to improve compatibility with the soluble polyacene molecules. 

d^JttftfT? th t semIcondu6Hn 9 ^ °' ^ Invention ,n p-chartnel FBTs, It Is 
durable that the bmder should have a higher lonlsatlon potential than the polyacene 

ISSSZl HT** T bindSr may iom hote "»"• * materia?* the 

b^er should have lower electron affinity than the n-type semiconductor to avoid electron 



=The formulation according to the invention may be prepared by a process which 
first mixing both the polyacene compound and the organic binder, preferably 
the mi^ng comprises mixing the two components together in a solvent. The solvent may 
be a sfcg e solvent or the polyacene compound and the organic binder, may each be 
dissolved In a separate solvent followed by mixing the two resultant solutions to mix the 
compounds. The solvents) containing the polyacene compound and the organic binder 
may then be applied to a substrate. The solvent^) may be evaporated to fbrrri the layer of 
the invention. 

.: *he binder may be formed in situ by mixing or dissolving the polyacene in a 
precursor of (he binder, for example a liquid monomer, oligomer or crosslinkable polymer 
optionally in the presence of a solvent, and depositing the mixture or solution, for example 
by dipping, spraying, balnflng c r printing it. on a substrate to form a liquid layer and then 
curtngi Ihe liquid monomer, oligomer or crosslinkable polymer, for example by exposure to 
ladiatfpn, heat or electron beams, to produce a solid layer. 



3MC6ftfi3? 
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if e preformed binder is used it may be dissolved together with the polyacene In a 
suitable Isbivept, and the solution deposited for example by dipping, spraying, painting or 
printing" it bn a substrate to form a liquid layer and then removing the solvent to leave a 
solid layer; Suitable solvents are chosen from those classes which are a good solvent for 
bdih the! binder' and polyacene. and which upon evaporation from the solution blend give 
a coherent diefect free layer. Suitable solvents for the binder or polyacene can be 
determined by preparing a contour diagram for the material as described In ASTM 
Method P 3132 at the concentration at which the mixture will be employed. The material 
fe add44 to a, wide variety of solvents as described in the ASTM method. Examples of 
organic; ' solvents which may be considered are: CH 4 Ci* CHCl 8 , monochlorobanzsne. o- 
dicrilonjjfaenzene, tetrahydrofuran, anlsole, morpholine, toluene, o-xylenej m-xylerie. p- 
xyteneji 1,4-dloxane, acetone, mettiylethylketonei 1,2-dlchloroethane, 1,1.1* 
trichWroethane; 1,1,2,2-tetrachloroethane. ethyl acetate. n-butyl acetate, 
dlmethvlformamlde, dimethylacetamide, dimothyleulfoxlde. tetrslin, decalln and/or 
mixture^ thereof. After the appropriate mixing and ageing, solutions are evaluated as one 
of the following categories: complete solution, borderline solution or insoluble. The 
Contour Brie ts drawn to outline the solubility parameter-hydrogen bonding limits dividing 
solubility and Insolubility. •Complete* solvents falling within the solubility area can be 
choseri from literature values such as published In "Crowley, J.D., Teagtie, G.S. Jr and 
Lowe, 1W. Jr. Journal of Paint Technology, 38. No 496, 296 {1966)", Solvent blends 
may also be used and can be identified as described in "Solvents, W.H.ems. Federation 
of Societies for Coatings Technology, ps-10, 1986". Such a procedure may lead to a 
blend of 'non' solvents that will dissolve both the binder and polyacene, although It Is 
destrablb to have at least one true solvent In a blend. 

, 'The proportions of the binder to the polyacene In the layer according to the 
presentiinventlbn are preferably 20:1 to.1:20. more preferably 10:1 to 1:10 and especially 
5-t to ,1*. Surprisingly and beneficially; dilution of the polyacene in the binder has been 
found to have little or no effect on the chante mobility, in contrast to what would have 
been expected from the prior art. 

i jt is desirable to generate small structures in modem microelectronics to reduce 
cost (more devices/unit area), and power consumption. Patterning of the layer of the 
invention may be canted out by photolithography or electron beam lithography. 

• jjquid coating of oi^anlo electronic devices such as field effect transistors is more 
desirable than vacuum deposition techniques. The polyacene and binder mixtures of the 
preset Invention enable the use of a number of liquid coating techniques. The organic 
sakcehductor layer may be Incorporated into the final device structure by. for example 
and without :nmitation, dip coating, spin coating. Ink Jet printing, tetter-press pnnting. 
*M : printing, doctor blade coating; roller printing, reverse-roller printing; offset 
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Qlhdg^hy printing, flexographio printing, web printing, spray coating, brush coating or 
pad printing. 

'Selected polyaoene and binder compositions of the present indention may be 
applied; to prefabricated device substrates by ink jet printing or microdtepensing* 
5 Preferably Industrial piezoelectric print heads such as but not limited to those supplied by 
Aprbn< : HItacttMtoki, InkJet Technology, On Target Technology, Picoiet, Spectra, Trident, 
Xaar ni^y be , used to apply the organic semiconductor layer to a substrate. Additionally 
serti-iridustrial heads such as those manufactured by Brother, Epson, Konfca, Seiko 
instruments Toshiba TEC or single nozzle microdispensere such as those produced by 

10 MicrodN>p and Microfab may be used. 

Jp order to be applied by Ink jet printing or microdlspensing, polyaoene and binder 
compositions must first be dissolved in e suitable solvent Solvents must fulfil the 
requirements stated above and must not have any detrimental effect on this chosen print 
head, Additionally solvents should have boiling points >100°C, more preferably ^15Q*C fn 

is order tp prevent operability problems caused by the solution drying out Inside the print 
head. Suitable solvents include substituted and non-substituted xylene derivatives, df-C^ 
aiKyi fcjrmamide. substituted and non-substituted ariisoles and other phenol-ether 
derivatives, substituted heteiocycles such as substituted pyridines, pyrazines, 
pytftrridijies, pyrralidlnones, substituted and non-substituted r/.W-di-CLa-alteylaniiines and 

20 other flgorlnated or chlorinated aromatlcs- The use of the binder in the present Invention 
also allows the viscosity of the coating solution to be tuned to meet the requirements of 
the particular print head 

: The semiconducting layer of the present invention Is typically at most 1 micron 
(s^lim) 'thick, although It may be thicker If inquired. The exact thickness of the layer will 

25 depend; for example, upon the requirements of the electronic device In which the layer is 
usedi iFfor use in an OFET or OLED, the layer thickness may typically be 500 nm or Jess. 

j [n the semiconducting layer of the present invention there may be used two or 
mire different polyaoene compounds of formula 1, Additionally or alternatively, in the 
semiconducting layer there may be used two or more organic binder reslris of the present 

30 Invent jqn. 

> As mentioned above, the Invention further provides a process for preparing the 
organic semtconduding layer which comprises (i) depositing on a substrate a liquid layer 
of a mixture which comprises the polyacene compound, the organic, binder resin or 
ptecUijsjor thereof and optionally a solvent and (ii) forming from the liquid layer a solid 
35 layer whlfch is the organic semiconducting layer. 

• In the process, the solid layer may be formed by evaporation of the solvent and/or 
by reacting the binder resin precursor (If present) to form the binder resin In sitd. The 
substrate may include any underlying layer, electrode or separate substrate such as 
sllicori Wafer dr polymer for example. 
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;th© present invention also provides the use of the semiconducting formulation or 
iayer IH an electronic device. The formulation may be used as a high mobility 
sertucoptfurfiflg material in various devices and apparatus. The formulation may be used, 
for example, in the form qf a semiconducting layer or film- Accordingly, in another aspect, 
5 thai present invention provides a semiconducting layer for 1 U$e in an electronic device, the 
lay&r cppnprisirig the foitaulation according to the e invention. The layer or film may b£ 
less thkn about thirty microns. For various electronic device applications, the thickness 
may taj jess than about one micron thick. The layer may be deposited, e.g. on a part of an 
etejctrante device, by any of the aforementioned solution coating or printing techniques. 

lo The formulation may be used, e.g. as a layer or film, in a field effect translator 

(RET) *ig. as the semiconducting channel, organic light emitting diode (OLED) e,g< as a 
hofe ^ 'electron injection or transport layer or electroluminescent layer, photodetector, 
chernldal detector, photovoltaic cell (FVe), capacitor and the like. The formulation may 
alsp boused in electrophotographic (EP) apparatus, e.g. in the organic photoconductor. 

IS The formulation is preferably solution coated to form a layer or film (n the aforementioned 
devle&^or apparatus to provide advantages in cost and versatility of manufacture. The 
improved change carrier mobility of the formulation of the present invention enables such 
device^ Jor apparatus to operate foster and/or more efficiently. 

!$ome definitions and explanations of terms used herein are now given. 

20 jWhen in the formulae herein there is a list of labels (e.g. R u Hz eta) or indices 

(e,g. ifj which are said to represent a list pf groups or numerical values, and these are 
said b:be "independent in each case* this indicates each label and/or index can represent 
any ofj those groups listed Independently from each other, independently within each 
repeat! unit. Independently within eatii Formula and/or independently on each group 

25 which is subjsStuted as appropriate. Thus, in each of these instances, many different 
groups might be represented by a single label (e.g. Re). 

the forms 'substituenf, 'substituted 1 , 'optional substituenf and/or 'optionally 
substituted 4 as used herein (unless followed by a list tif other substituents) signifies at 
least qrie of the following groups (or substitution by these groups): silyk suipho, sulphonyl, 

30 fomtylj amino, irhlno, nltriio, mercapto, cyano, nitro, halo, Chalky!. C^ 2 aryl, C^alkoxy, 
hydroxy and/or' combinations thereof. These optional groups may comprise all chemically 
possfbJ$ combinations In the same group and/or a plurality (preferably two) of the 
afojiemerftioned groups (e.g. amino and sulphonyl if directly attached to each other 
rejbresejnt a sulphamoyl radical). Preferred optional substituents comprise: Chalky!; 

35 methoxy and/dr e'thoxy (any of these optionally substituted by at least cine halo); amino 
(optionally substituted by a! least one methyl and/or ethyl); and/or halo, 

; The tarnri •hydrocarbon group*, 'hydrocarbyl' or the like may b& used herein 
inf&djiangeably, A hydrocarbon Qroup may be optionally substituted A hydrocarbon 
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grotip may also contain at least one of We following heteroatom containing moieties: oxy. 
thio, suiphinyli sulphonyl, amino, imlho, nitrflo and/or combinations thereof. 

:The terms "alky!', 'aryl', eta as used herein may be readily replaced, where 
appropriate, by terms denoting a different degree of valence e.g, multivalent species (e.g, 
5 alkyJene, aryierie, etc.). 

;ihe term 'halo' as used herein signifies fluoro, chloro, bromo and Iddo. 

.Unless the context clearly indicates otherwise, a group herein which comprises a 
chain cjfithree or more carbon atoms signifies a group in which the chain wholly or In part 
may be! jinean branched and/or form a ring (including splro and/or fused) rings). 
10 , .tynless the context clearly indicates otherwise, as used herein plural forms of the 
terms herein are to be construed as including the singular form and vice versa. 

.Throughout the description and claims of this specification, the words "comprise 0 
and "contain" and variations of the words, for example "comprising" and "comprises", 
meian 'jindudlhg but not limited to", and are not intended to (and do not) exclude other 
15 components. 

!lt will be appreciated that variations to the foregoing embodiments of the invention 
can beirjnade while still falling within the scope of the invention. Each feature disclosed tn 
this specification, unless stated otherwise, may be replaced by alternative features 
seiivih£j the same, equivalent or similar purpose. Thus, unless stated otherwise, each 

20 feature! disclosed is one example only of a generic series of equivalent or similar features. 

■ JAll of the features disclosed in this specification may be combined In any 
combination, except combinations where at least some of such features and/or steps are 
mUtualjy exclusive. In particular, the preferred features of the invention are applicable to 
all aspects of the Invention and may be used in any combination. Likewise, features 

2S described in non-essential combinations may be used separately (not hi combination). 

= ft will be appreciated that many of the features described above, particularly of the 
preferred embodiments, are inventive in their own right and not just as part of an 
embodiment of the present invention. Independent protection may be sought for these 
features' in addition to or alternative to any invention presently claimed, 

30 ; the invention will now be described in more detail by reference to the following 

examples, which are illustrative only and do not limit the scope of the invention. 
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Examples- 

$ > 

Synthesis of semiconductors 
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formula AfTIPS) 

To a flam*drled flask fitted with mechanical stirrer, nitrogen Inlet and outlet, condenser 
ana 6 u : te*ea1 was added Isopropylrnagneeium chloride (2M in THF (10 molar equivalent 
based SnS, 13-pentacenequinone)). Tills solution was cooled using a cold-water bath to 
ad as a cold trap to absorb any exotherm during the trflsopropylsilyl acetylene addition. 
mj^m acetylene (10.1 -Car equivalents based on 6. 
was added to the reaction flask diopV.se over 30 minutes followed by the addNton of 
THF (19ml for every 10mmol of TIPS acetylene). The cold-water bath v^s mrnoved and 
then tj» solution was heated at 60 -C tor 20 minutes. The flask was then allows ^ to cool 
to room temperature. 6. 13-Pe,tecenequiri6ne (1 molar equivalent, was added to me 
Grigndrd resent and the resuitlng cioudy suspension was healed at 6 MO unt,l the 
mactl was deemed complete according to HPUP. this may take up to 3 hours. The 
£ *£*d to coo. to room temperature. A solution of 10% aqueous HO, ***** 
• «n ZhLrf* added cautiously to the browri / red reaction Soluton until the 

*e reacBon solution tumeo from brown / no to . deep blue eotow> .The 
^^Wtertwaoh^^SO^^ao-^bo^ooo^to^^^. 



TnnrfD I 7QTR 
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This crude mixture was worked up using water / OCM drying the organic phase over 
MgS0 4 : before filtering and concentrating under vacuum to give a blue i black solid. 
Purification by column chromatography (silica gel, S% DCM in hexane) followed by 
redystajlisatidrt from acetone yielded the title compound as dark blue plates. 

i * 
j i 

Determination of the Field Effect Mobility 

flfhe field effect mobility of the materials was tested using the techniques described 
by Holland et al. J. Appl. Phys. VoL75, p.7954 (1984). 

jlh the following examples a test field effect transistor was manufactured by using a 
PEN substrate upon which were patterned Pl/Pd source and drain electrodes by standard 
techniques, e.g. shadow masking. Semiconductor formulations were made using TIPS 
(forrnulja A above) blended with an inert binder resin (poly(alpha-methylstyrene)). The 
semiconductor formulation was dissolved one part into 99 parts of toluene, and spin 
coatedjonto the substrate at 600 rpm for 18s. To ensure complete drying the sample was 
placed to an oven for 20 minutes at 100 "C. For comparison films of purely TIPS material 
were coated by spin coating. These were then dried in an oven for 20 mirt at 100 «d. The 
Insulator material (Cytep 107M, Asahi glass) was mixed 3 parts to 2 parts of 
penTiioHwdlverit (FC75, Acros cat. ho. 12380) and then spin-coated onto the 
semiconductor giving a thickness typically of approximately 1 urn. The sample was placed 
once more In an oven at 100 °C to evaporate solvent from the Insulator. A gold gate 
coiitad jwas defined over the device channel area by evaporation through a shadow 
mask, (to determine the capacitance of the insulator layer a number of devices were 
prepared which consisted of a non-patterned Pl/Pd base layer, an insulator layer 
prepared In the same way as that on the FET device, and a top electrode of known 
geomejtiy. The capacitance was measured using a hand-held multimeter, connected to 
the rrietel either side of the insulator. Other defining parameters of the transistor are the 
length -of the drain and source electrodes facing each other (W=3Q mm) and their 
distance from each other (L=*1 30 urn). 

i The voltages applied to the transistor are relative to the potential of the source 
elective. In the case of a p type gate materiel, when a negative potential is applied to 
the gat£, positive charge carriers (holes) are accumulated in toe semiconductor on the 
other sloe of the gate dielectric. (For an n channel FEt, positive voltages are applied). 
This is called the accumulation mode. The capacitance/area of the gate dielectric C, 
determines the amount of the charge thus induced. When a negative potential V M is 
applied j to the drain, the accumulated carriers yield e source-drain current fgg which 
depends primarily on the density of accumulated carriers and, Importantly; their mobility In 
the sdufoe-diraln channel. Geometric factors such as the drain and source electrode 
configuration, size and distance also affect the current Typically a range of gate and 
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drain voltages are scanned during the study of the device. The source-drain current is 
dedcribjsjd by equation 1 . 

where Vi is en offset voltage and \ a Is an ohmic current independent of the gate voltage 
5 ana Is tjue to the finite conductivity of the material. The other parameters have been 
de§crib|e!d above. 

•Ror the electrical measurements the transistor sample was mounted in a sample 
holder.! ; Mlcnsprobe connections were made to the gate, drain and source electrodes 
uslrtg Kart Suss PH100 miniature probe*heade. These were linked to a Hewlett-Packard 
10 41 5SB parameter analyser. The drain vottage was set to -20 V and the gate voltage was 
scanned! ftan +20 to -8DV and back to +20V in 1 V steps. In accumulation, when 
YA > iBd me eoUnje-draln current varies linearly with F c . Thus the field effect mobility 

can be'calculaled from the gradient (S) of i M vs. V 0 given by equation 2.. 

1 1 

: • 
i • t 

X5 S = ^ q " 

All ifieldl effect mobilities quoted below were calculated from this regime (unless stated 
otherwise). Where the field effect mobility varied with gate vottage, the value was taken 
as Jhe ftlghest level reached in the regime where [kJ > ffj in accumulation mode. The 
< values; quoted in table 3 are an average taken over several devices (fabricated on the 
20 same substrate), the sampie stee te also quoted In table 3, An example of the cwent- 
voltage| arid mobill^voltage characteristics for example 1 is shown In figure 1. The 
forward jahd reverse scans illustrate the low hysteresis of the device. 



Table 3 : results of the formulations tested 
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S^rnplp 


Organic 
semiconducting 
material (OSC) 


Binder 


08C: 
binder ratio 
(wtwl) 


QSC coaling 
method 


Mobility 
LcrWVs] 


Sample 
size 




Formula A 


p-ccMS 


50:50 


Spin coat 


0.433 


9 


H |i ' ■ 


PormulaA 


p-aMS 


7525 


Splncdet 


0.321 


7 . 


i4~^ — 

;, ■ 


Formula A 


p-ctMS 


80:10 


Spin coet 


0.&7 


6 


<_4- 


permute A 


p-aMS 


05:5 


spin coat 


0244 


8 


5 

(<ji>niRgjratlve) _ 


Povmula A 




100 


Spin cost 


. 0.138 

I ... 


0 



pW£ = Polyfalpha-methylstyrene). Aldrich Cat no. 19,184-1. 
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Gate voltage (V] 
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